The effects of chlorides on NADP-specific isocitrate dehydrogenase from Halobacterium 8alinarium were investigated. The enzyme is stabilized by potassium chloride and sodium chloride and this effect is discussed in relation to the Hill (1913) equation. Kinetics of the enzyme were studied within a range of concentrations of potassium chloride and sodium chloride. Apparent Michaelis constants for both substrates were affected by salt concentration, the effect being greater in sodium chloride than in potassium chloride. Minimal apparent Michaelis constants for both substrates were similar to the corresponding constants reported for yeast isocitrate dehydrogenase. Vmax. was maxiimal in each salt at a concentration of about 1 M. The maximum was higher in sodium chloride than in potassium chloride. At salt concentrations above about 2.3M, the apparent Vmax. was lower in sodium chloride than in potassium chloride, and at salt concentrations below 0.75-1.Om, each salt behaved as a linear activator of the enzyme. Within this concentration range salt and NADP+ acted competitively; the activation by salt was overcome at finite concentrations of NADP+. At concentrations above about 1 M, potassium chloride was a linear noncompetitive inhibitor of the enzyme. Within the range 1.0-2.5M, sodium chloride was also a linear non-competitive inhibitor, but above 2.5M it caused more pronounced inhibition.
The effects of chlorides on NADP-specific isocitrate dehydrogenase from Halobacterium 8alinarium were investigated. The enzyme is stabilized by potassium chloride and sodium chloride and this effect is discussed in relation to the Hill (1913) equation. Kinetics of the enzyme were studied within a range of concentrations of potassium chloride and sodium chloride. Apparent Michaelis constants for both substrates were affected by salt concentration, the effect being greater in sodium chloride than in potassium chloride. Minimal apparent Michaelis constants for both substrates were similar to the corresponding constants reported for yeast isocitrate dehydrogenase. Vmax. was maxiimal in each salt at a concentration of about 1 M. The maximum was higher in sodium chloride than in potassium chloride. At salt concentrations above about 2.3M, the apparent Vmax. was lower in sodium chloride than in potassium chloride, and at salt concentrations below 0.75-1.Om, each salt behaved as a linear activator of the enzyme. Within this concentration range salt and NADP+ acted competitively; the activation by salt was overcome at finite concentrations of NADP+. At concentrations above about 1 M, potassium chloride was a linear noncompetitive inhibitor of the enzyme. Within the range 1.0-2.5M, sodium chloride was also a linear non-competitive inhibitor, but above 2.5M it caused more pronounced inhibition.
All halophilic bacterial enzymes so far described have salt requirements or tolerances greater than those of corresponding enzymes from other types of organism (Larsen, 1962 (Larsen, , 1967 Brown, 1964; Hochstein & Dalton, 1968; Aitken & Brown, 1969) . There is, however, little detailed information, either kinetic or physicochemical, about the mechanism of interaction between salt and any halophil enzyme. Moreover, there are differences in the salt relations of some individual enzymes. For example, isocitrate dehydrogenase from Halobacterium salinarium was reported by Baxter & Gibbons (1956) to have an optimum sodium chloride requirement of about 1.2M and a potassium chloride optimum in the range 2-4M. Larsen (1962) gave the salt optimum of the corresponding enzyme from Sarcina morrhuae as 0. 8M; Hubbard & Miller (1968) reported the optimum for an isocitrate dehydrogenase from H. cutirubrum to be about 0.5m-sodium chloride. Aitken & Brown (1969) found an apparent optimum of about 2M-sodium chloride or -potassium chloride for this enzyme in a non-pigmented strain of H. salinarium and observed that activity of the enzyme was low at concentrations of sodium chloride or sodium chloride +potassium chloride high enough to support growth ofthe organism (3-5M). Althoughthere are differences in the apparent salt optima of halophil isocitrate dehydrogenases reported by different authors, there is general agreement that the salt optimum of the enzyme is below the salt concentration at which the organisms can survive. The total intracellular salt concentration of viable halophilic bacteria is normally at least as great as that oftheir growth medium, although the intracellular K+/Na+ ratio can be very much larger than the corresponding extracellular ratio (Christian & Waltho, 1962) .
The present paper describes the first part of an investigation of the kinetics and salt relations of a halophil isocitrate dehydrogenase.
METHODS AND MATERIALS
Organism. A colourless strain of H. salinarium was obtained from Professor H. Larsen of Trondheim, Norway. This is the strain used for the detection of all the enzymes of the tricarboxylic acid cycle and for a preliminary assessment of the salt requirements of the isocitrate dehydrogenase (Aitken & Brown, 1969) . In all respects except pigmentation, the organism appears to be typically halophilic. The organism was grown in 1-litre batches with rotary agitation for 6 days at 30°C (to late exponential phase) in the salts solution described by Sehgal & Gibbons (1960) 330-990jug of protein); salt as specified. The total volume was 1 ml. All assays were performed at least in duplicate; means ofreplicates were used as single points in subsequent statistical analyses. For kinetic studies the concentrations of NADP+ and isocitrate were varied as specified. Isocitrate was added before the enzyme and the reaction mixture, without NADP+, was incubated for 3min at 30°C before the reaction was started by the addition of NADP+. Preliminary assays had shown that enzyme activity increased with preincubation for up to 3 min and thereafter remained constant up to 10min (total). There was no detectable change in isocitrate concentration for up to 10min in the absence of added NADP+. Unlike the NAD-specific isocitrate dehydrogenase of Neurospora crassa (Sanwal, Zink & Stachow, 1964) , the enzyme was not activated by AMP. Incorporation of lmm-cyanide into the reaction mixture had no effect on the reaction rate. There was no measurable reoxidation of NADPH by the enzyme preparation. The formation of NADPH was measured at 340nm in a Zeiss PMQ II spectrophotometer fitted with a recorder. Protein was determined by the method of Lowry, Rosebrough, Farr & Randall (1951) .
Preliminary conventional double-reciprocal plots were drawn to confirm linearity, after which kinetic results were fitted statistically to the equation: v= VA/(K + A)
(1) with the Fortran computer programme 'Hyper' (Cleland, 1967) (Vickery, 1962) . Kinetic measurements with pure threo-DB-(+)-isocitrate confirmed that the proportion of active isomer in the DL-preparation was exactly half.
RESULTS
pH relations of the crude enzyme. A preliminary determination of the pH relations of the enzyme was made within the nominal range pH6.2-8.9 with sodium acetate-acetic acid, sodium phosphate and tris-hydrochloric acid buffers, all at 33mM. The type and concentration of salt included in the assay solution affected the observed pH, the difference from the nominal pH being greatest with phosphate and least with tris. Within the range pH6.3-7.9, 4 m-sodium chloride lowered the observed pH of phosphate buffer by 1.1-1.2pH units, and 4M-potassium chloride lowered the observed value by 0.3-0.5 pH unit. Within the range pH7.9-8.7 4m-sodium chloride lowered the observed pH value of 33mM-tris buffer by O.lpH unit whereas 4M-potassium chloride increased the observed value by 0.2 pH unit. The observed value, measured after addition of salt, was used in this work. Maximal activity of the enzyme occurred in tris buffer at pH8.1-8&, in which range any errors introduced by effects ofsalt on pH would be small. Fig. 1 shows salt and pH relations of the enzyme within a narrow pH range in tris buffers.
Effects ofunivalent cations. Fig. 2 shows a comparison of the effects of the chlorides of four univalent cations on activity of the enzyme. The relative abilities of the salts to support isocitrate dehydrogenase activity are dependent on salt concentration.
Effects of salt on stability of the enzyme. In order to express quantitatively the stabilization of the enzyme by salt, rates of inactivation were measured in the lower ranges of salt concentration. For this purpose the enzyme was incubated at 0°C in solutions of sodium chloride or potassium chloride buffered with 33mM-tris-HCl to pH8.0. At specified timeintervals samples were withdrawn and assayed immediately under standard conditions in the presence of the same salt at 1 M concentration. The results are plotted in Fig. 3 with the assumption that the relation between log (original activity/remaining activity) and time is linear. Secondary plots of log (first-order rate constant) from Fig. 3 (logk) against log[salt] are shown in Fig. 4 . This is the method used by Baxter (1959) and by Holmes & Halvorson (1965) for HALOPHIL ENZYME KINETICS potassium chloride, but this relation was reversed above 1 M-salt. The Km (NADP) increased gradually in potassium chloride above 0.25M, but in sodium chloride there was a sharp increase above 3M-salt.
The response of Vmax. to changes in the concentration of each salt is shown in Fig. 5 was different for each variable substrate. These differences were associated with substantial increases in apparent Michaelis constants (Tables 1 and 2 The relations summarized in Tables 1 and 2 and Fig. 5 In the present work the effects of salt on stabilization of the enzyme for periods of up to 20min at 00C were investigated. The results were analysed and presented (Figs. 3 and 4) in the manner used by Baxter (1959) and by Holmes & Halvorson (1965) . Both sets of authors stated that the slope of the secondary plot (as in Fig. 4 above) (Fig. 4) are 3.6 and 2.9 for sodium chloride and potassium chloride respectively. This type of mathematical analysis is based on an equation proposed by Hill (1913) for the interaction of oxygen with haemoglobin. Some of the implications of the Hill equation were discussed by Atkinson (1966) , who pointed out that the slope of a Hill plot (as in Fig. 4) is not a valid indication of the number of binding sites ofa reactant (ligand) to a protein. Prob- ably the only tentative conclusion to be drawn from Fig. 4 is that the enzyme requires at least 4 molecules ofsodium chloride or at least 3 molecules ofpotassium chloride for stabilization under the experimental conditions. A precise conclusion requires more information than is available from the present analysis. These reservations apply also to the conclusions of Baxter (1959) and of Holmes & Halvorson (1965) .
The effects of salts on the long-term stabilization of the isocitrate dehydrogenase were not studied in the present work, in which the enzyme was prepared and stored in 5M-sodium chloride. The lowest concentration of sodium chloride used in the assay was 0.15m and this was present in all assays, including those made with salts other than sodium chloride. Sodium chloride additions were corrected for the basal concentration (O.15M) and the final concentrations are as stated in the results. No difference was found between enzyme preparations stored in 4M-potassium chloride and 5M-sodium chloride when'' both were assayed under 'standard' conditions in lM-sodiuim chloride. No kinetic studies were made with the potassium chloride preparation.
Changes in the pH of a buffer caused by salts also become important at high salt concentrations. Holmes & Halvorson (1965) Figs. 2 and 5 show that any generalization about the order of effectiveness of the univalent cations in supporting activity of the enzyme must be qualified by the concentration of the salt. In this respect the isocitrate dehydrogenase differs from a halophil soluble NADH-oxidizing system that, under the conditions of assay, had a high salt optimum (about 4M), and that was reported to show little change with salt concentration in the order of dependence on several univalent cations (Hochstein & Dalton,1968) .
According to Christian & Waltho (1962) , the intracellular concentrations of K+ and Na+ in H. salinarium are about 4.6molal and 1.4molal respectively when the organism is grown in a medium containing 4X-sodium chloride and 0.03M-potassium chloride.
Our medium is only slightly different from this and similar intracellular concentrations of the two ions can be assumed to occur in our organism.
The minimal value for the apparent Km (isocitrate) in potassium chloride was 48,UM; in sodium chloride the minimum was 118puM. The value in potassium chloride is similar to apparent constants reported for the corresponding enzyme from yeast [40.M (Kornberg & Pricer, 1951) ; 58,UM (Bernofsky & Utter, 1966) ] but greater thanvaluespublished for the pig heart enzyme [2.6,uM (Moyle, 1956) ; 0.5,uM (Cleland & Thompson, 1965) ]. The minimal apparent Km (NADP) (25jLM) obtained in 0.25M-sodium chloride was similar to a value of 22,uM reported for the yeast enzyme by Bemofsky & Utter (1966) .
Figs. 6 and 7 show that, except for expected similarities in the regions of salt optima, salt at all concentrations affected both the slopes and the intercepts of double-reciprocal plots of the kinetic results. There were irregularities associated with 0.15M-salt, when interpretation of results was complicated by pronounced isocitrate-stabilization of the enzyme and by the presence of 0.15m-sodium chloride in all the assays made in the presence of potassium chloride. Fig. 6 shows that at low concentrations both sodium chloride and potassium chloride acted as activators of isocitrate dehydrogenase. Since both salts affected slopes and intercepts of doublereciprocal plots, it follows (Cleland, 1963b ) that each salt (or its cation) combines with the enzyme in such a way that its attachment is reversibly separated in the reaction sequence from the attachment of substrate to enzyme and that the net rate of attachment of the variable substrate to the enzyme is affected by the salt. With NADP+ as variable substrate, however, the effects of salt concentration were unusual inasmuch as the double-reciprocal plots intersected to the right of the ordinate. The consequence of this, in terms of kinetic constants, is that increasing salt concentration caused increases in both Vma.. and apparent Km. A situation of this type is more commonly reflected in intersection of the primary plots to the left ofthe ordinate and below the abscissa (cf. Cleland, 1963a,b; Morrison, 1965 Secondary plots ofintercepts showed the activation by each salt to be linear (Fig. 8b) . This was also true of the secondary plot of slope ( Fig. 8a) with isocitrate but not with NADP+ as variable substrate. Numerical values can be calculated from the extrapolation of the secondary plots in Fig. 8 and represent kinetic constants for salt in the reaction (Cleland, 1963b) . The identity of the constants cannot be determined, however, without detailed knowledge of the reaction mechanism.
Primary plots of results obtained in the high (inhibitory) range of salt concentration (Fig. 7) gave, with potassium chloride, single families of lines intersecting to the left of the ordinate. Secondary plots of slopes and intercepts (Fig. 9) showed that potassium chloride was a linear non-competitive inhibitor throughout the entire inhibitory concentration range.
In the inhibitory range of sodium chloride concentration, double-reciprocal plots for each variable substrate gave two families of lines intersecting at two points to the left of the ordinate (Fig. 7) . The secondary plot of intercept from Fig. 7 against [sodium chloride] was linear throughout but the corresponding plot of slope was linear only between 1.OM-and 2.5M-sodium chloride (Fig. 9) . Above 2.5 M the secondary plot diverged sharply into what is possibly a second linear regression, but which is not depicted as such in Fig. 9 because the regression for that part of the concentration range was not fitted statistically. Kinetic constants can also be calculated by extrapolation of the linear regressions of Fig. 9 , but, as previously, the meaning of these constants is uncertain until the reactionmechanism is understood.
Figs. 7 and 9 suggest that at high concentrations Na+, but not K+, causes a change in the state of the enzyme from that which exists at lower concentrations of salt (El) to a new state (EII). The net rate of addition of each substrate to El, is inhibited to a greater extent by sodium chloride than is the corresponding addition to El. This difference is reflected in the sharp rise in apparent Km listed in Table 1 . The change E1 El, is reversed when both substrates are at saturating or near-saturating concentrations, a fact that is reflected in the linear plot ofintercept against [sodium chloride] in Fig. 9(b) . This phenomenon is therefore another special case of competitive interaction, this time competitive inhibition, in which the reaction subject to competitive effects is a change in enzyme state.
Many of the results described above show that isocitrate dehydrogenase is more sensitive to Na+ than to K+. Thus, in the simplest terms, the enzyme is more active at optimum concentrations of Na+ than of K+ and is inhibited more by high concentrations of Na+ than of K+.
